FERMILAB-PUB-06/051-T 
Roma-TH-1437 

Gravitational Lensing of Supernova Neutrinos 

Olga Mena, 1,2 '0 Irina Mocioiu, 3, Q and Chris Quigg 1 '^ 

1 Theoretical Physics Department, Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510 USA 
INFN Sez. di Roma, Dipartimento di Fisica, Universita di Roma"La Sapienza", P.le A. Mora, 5, 1-00185 Roma, Italy 
s Department of Physics, Pennsylvania State University, University Park, Pennsylvania 16802-6300 USA 

(Dated: February 5, 2008) 

The black hole at the center of the galaxy is a powerful lens for supernova neutrinos. In the very 
special circumstance of a supernova near the extended line of sight from Earth to the galactic center, 
lensing could dramatically enhance the neutrino flux at Earth and stretch the neutrino pulse. 
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I. INTRODUCTION 

Surely neutrinos — in common with other forms of mat- 
ter and energy — experience gravitational interactions . 
Where is the observational evidence to support this 
assertion? No analogue of the classic Einstein 0- 
Eddington Q demonstration of the deflection of starlight 
by the Sun is in prospect. No continuous intense point 
source of neutrinos is known, and the angular resolu- 
tion of neutrino telescopes — a few degrees achieved at 
Super-Kamiokande in the few-MeV range and approxi- 
mately I projected for km 3 -scale ultrahigh-energy neu- 
trino telescopes — is poorly matched to the anticipated 
1.75-arcsecond deflection of neutrinos from a distant 
source. Accordingly, we must look elsewhere. 

Neutrino oscillations arise from phase differences in 
the propagation of different inertial-m&ss eigenstates. 
Equivalence-principle-violating models — massless or 
mass-degenerate neutrinos, with gravity coupling 
nonuniversally to different flavors — give a poor descrip- 
tion of neutrino-oscillation phenomena 0. 

The arrival time of the Supernova 1987A neutrino 
burst, recorded within three hours of the associated op- 
tical display after a 166 000-year voyage, argues that 
neutrinos and photons follow the same trajectories in 
the gravitational field of our galaxy, to an accuracy 
better than 0.5% [1 0. For a selection of modern 
halo profiles for our galaxy Q, the Shapiro time de- 
lay § for photons arriving from SN1987A ranges between 
(9.26 - 11.5) x 10 6 s = 0.29 - 0.36 y. [Observe that, 
for small neutrino masses, neutrinos lag light by only 
At « \(m v j Vv )H » 2.5 fis • (m„/l eV) 2 /{ Pv /l GeV) 2 
over the SN1987A-Earth trajectory] 

Even if they experience normal gravitational interac- 
tions, neutrinos do not cluster gravitationally on small 
scales, because of their large velocities. Free-streaming 
neutrinos inhibit the growth of density fluctuations, and 
so leave an imprint on the large-scale-structure matter- 
power spectrum that is directly related to the neutrino 



energy density 0. Weak- lensing surveys offer the most 
promising path to precise measurements of the matter- 
power spectrum and might, in the future, be sensitive to 
a nonzero (inertial) neutrino mass [l(J, HH uM • 

The SN1987A argument, though telling, is indirect. 
Can we imagine more direct manifestations of gravity's 
influence on neutrinos? 

If it could be carried out, a neutrino analogue |l3j 
of the Pound-Rebka experiment [l4|, applying the 
Mossbauer effect to recoilless resonant capture of an- 
tineutrinos [l5t Il6l | , would demonstrate the blue shift of 
neutrinos falling in a gravitational field. 

In this Article, we explore the possibility that gravi- 
tational lensing of neutrinos could be observed in spe- 
cial circumstances. Neutrinos emitted by a supernova 
on the other side of our galaxy would be lensed by the 
black hole at the galactic center. In the exceedingly rare 
circumstance of source-lens-observer syzygy, the flux of 
neutrinos arriving at Earth would be amplified by many 
orders of magnitude. For the somewhat less improbable 
case of near-perfect opposition, lensed neutrinos would 
reach Earth by paths of differing lengths, resulting in 
an observable time dispersion of the supernova neutrino 
burst. 

After computing the amplification and time dispersion 
for various configurations, we estimate the rate at which 
appropriately providential circumstances might occur. 
We assess the diffusing influence of the dark-matter halo 
in the galaxy. We briefly consider signatures of possible 
megamagnifications throughout the history of the solar 
system and in present-day neutrino observatories, and we 
remark on lensing by nearby stars. 



II. LENSING PRIMER 

General Relativity predicts that a light ray (or neu- 
trino) that passes by a spherical body of mass M is de- 
flected by an angle HEEDS 
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for an impact parameter £ much larger than the 
Schwarzschild radius 1Z = 2GM/c 2 , where G — 
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FIG. 1: Lensing geometry 



6.6742 x 10~ n m 3 kg -1 s~ 2 is Newton's constant and 
c = 299 792 458 m s^ 1 is the speed of light. [Values not 
otherwise attributed are taken from the Review of Par- 
ticle Physics 0| ■] For the special case of a ray that 
skims our Sun, with impact parameter £ equal to the so- 
lar radius R Q = 6.961 x 10 5 km and TZ Q = 2.953 km, 
the angle of gravitational deflection is a = 8.48 ^rad. 
As we have already noted, such a subtle deviation is un- 
observably small for neutrinos. The black hole at the 
center of the Milky Way galaxy, with mass M, = (3.61 ± 
0.32) x 1O 6 M w 4 x 10 63 GeV 20] and Schwarzschild 
radius K. = 1.07 x 10 7 km w 3.46 x 10~ 7 pc, is a better 
candidate for a neutrino lens. 

In the simplest lensing set-up, shown in Figure ^ a 
compact lens of mass M lies close to the line of sight to 
a source, at a distance -Dol from the observer O. The 
angle (3 describes the position of the source with respect 
to the lens direction. The angle 9 describes the position 
of the apparent source image with respect to the same 
axis. 

If all the angles are very small, it is appropriate to 
define angular-diameter distances r\ = /3-DoSj £ = 9Dol, 
and £ = «-Dls ■ I n this approximation, we can infer from 
Figure the lens equation, 



where the Einstein angle 9e is 
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with x = Dls/-Dol- [For the interesting case of the 
black hole at the center of the galaxy, 8.0 kpc distant 
from our location [2l]|, the Einstein angle would be 
#e = 3.1 /irad for a source 1 kpc beyond the galactic 
center, #e = 6.6 /irad for a source opposite our location, 
and 9e — 7.6 /irad for a source at the far edge of the 
galaxy (x — 2).] In the plane OLS, the extremal angles 
of deflection are given by 
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Sufficiently strong lensing produces multiple images of 
the source. If the source, lens, and observer lie on a line 
(f3 = 0), the multiple images describe a perfect circle, 
or Einstein ring, with opening angle 2#e- More gen- 
erally, finite-size lenses give rise to a variety of image 
patterns, depending on the particularities of the mass 
distribution within the lens. Distinct multiple images, 
arcs, or Einstein rings have been observed for many light 
sources j^. The separation between images — no more 
than a few arcseconds — cannot be resolved in neutrinos. 

In many cases the lens is not strong enough to pro- 
duce multiple images, arcs, or rings, but does create a 
distorted image of the source. Usually the precise sizes 
and shapes of the sources are not known, but it is possi- 
ble to characterize average properties. The "weak lens- 
ing" method [2j| — comparing statistics of sources and 
images — has been used to weigh nearby clusters by us- 
ing distributions of faraway galaxies as sources. Weak 
lensing is also a powerful tool in cosmology: statistics 
of the large scale structure observed in distant galaxies 
or the cosmic microwave background make it possible to 
infer the total (luminous plus dark) mass between the 
observer and the source. Large surveys — not in prospect 
for neutrinos — are essential to the statistical reliability of 
inferences. 

In the "microlensing" case [24j, multiple images are 
overlaid too closely to be resolved and image distortion 
is too subtle to observe, but light reaching the observer 
along multiple trajectories increases the apparent bright- 
ness of the source. Without knowing the intrinsic bright- 
ness of the source, it is generally not possible to deter- 
mine the amplification, or "magnification," as it is usu- 
ally called. One can, however, observe the time variation 
of the brightness of a source (such as a nearby star), as 
a heavy object passes between source and observer. Mi- 
crolensing in this form is the basis of searches for massive 
compact halo objects (MACHOs) [25|. 

The magnification is given by the ratio of solid angles 
in the presence and absence of the lens. At the extreme 
angles, we have 
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where (3 = (3/6-g, is the reduced misalignment angle. The 
magnification is maximized in the limit of perfect align- 
ment, as (f3, j3) — > 0, for which 
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For a finite source of radius i?*, the effective limit is /3 — > 
/?* = R^/Dog. In that limit, the magnification can be 
prodigious: for a source of radius i?* = 10 km on the 
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other side of the galaxy lensed by the black hole at the 
galactic center, we find 



= 2.3 x I0 n y/x{l + x) 



(8) 



In comparison to the f3 dependence of the amplification, 
the dependence on the source location is of secondary 
importance: as x varies between 0.01 and 2, ^ max varies 
only by a factor of 25. 

The calculation we have just made applies to a ficti- 
tious galaxy that is empty except for the source, the black 
hole at the galactic center, and the observer. In the real 
Milky Way, matter obscures visible light from the other 
side of the galaxy, but the magnification of gamma-ray, 
radio, or neutrino sources might be observable. [We shall 
verify in ill VI that diffuse matter throughout the galaxy 
contributes negligibly to lensing.] 

Superposed lensed images arise from neutrinos that 
traverse different paths, and so signals from the source 
reach the observer at different times, as Krauss and Small 
have remarked |26| for the microlensing of light. [The 
time delay between the arrival of neutrinos traveling on 
different trajectories has been invoked in [22| to explain 
a putative bimodal time distribution of SN1987A neutri- 
nos.] 

It is convenient to calculate the transit time along each 
geodesic by adding the interval from source to lens to 
the interval from lens to observer. The propagation time 
has two components [28j: one corresponds to the time 
required for straight-line propagation to and from the 
lens, and the second is a general-relativistic time delay Q 
proportional to the Schwarzschild radius of the lens. For 
our case of a black-hole lens, integration along the curved 
geodesic yields the exact result, 
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Dol is the distance from the lens to the ob- 



where ro 

server, r$ = yj D'^ s + ?f — Do^^fx 2 + [3 2 {1 + x) 2 is the 
distance from the lens to the source, £ is the distance of 
closest approach to the lens, and 1Z is the Schwarzschild 
radius of the lens. For a source 8 kpc beyond the galactic 
center, and with misalignment angle (3 = #e, the rela- 
tivistic time delay induced by the black hole is O(10 3 ) s. 

The longest geodesic corresponds to £_ = Dol\9-\ 
and the shortest one to = Dol@+, with 9± given in 
Equation (JIJ, Light signals emitted at the same time 
can travel by different paths, so they reach an observer 
separated in coordinate time by as much as 
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FIG. 2: Magnification fi and dispersion in time At as a func- 
tion of misalignment angle (3, for the case of a 10-km-radius 
source opposite our location in the galaxy. 



n 

c 



2/Vl + \P 2 + In 



l + I^-/3 A /l+i/3 



[An observer registers a proper interval At = ^/g^At; 
for an earthbound observer, goo differs negligibly from 
unity] In the limit of very small misalignments (/3 — ► 0), 
the time dispersion is proportional to (3, viz. 
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so that the magnification and time dispersion are recip- 
rocally related through 



LiAt = 4K/c« 142 s 



(12) 
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In the small-/? limit, both the magnification and the time 
spread scale with the square root of the lens mass. For 
the configuration considered below Eqn. J7J), the time 
spread would be At « 4.4 x 10~ 10 s. At the other ex- 
treme, for (3 = 1, At w 148 s and /x = 3/V5 = 1.34. 

Figure [21 shows the magnification and time dispersion 
as a function of the misalignment angle for /?* < (3 < 9b- 
For f3 <C Oe, we observe the fx oc /3 _1 behavior of Eqn. J7J|. 
As (3 increases toward 6*e, the magnification diminishes 
and the dispersion in time increases to many seconds. 



III. GALACTIC SUPERNOVA LENSED BY THE 
BLACK HOLE AT THE GALACTIC CENTER 

A. General Characteristics 

The lensing phenomena we have described for light sig- 
nals (in a hypothetical nearly empty galaxy) apply es- 
sentially unchanged for neutrinos, with utterly negligi- 
ble corrections for the neutrino velocity, which is slower 
than the speed of light by ^{m^/py) 2 ■ c. The Milky 
Way galaxy is highly transparent to low-energy neutri- 
nos. The vN interaction length at E v = 10 MeV, for 
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Figure |2l which is very nearly given by /i = 65.7 times 
the unlensed intensity profile. The normalization of the 
intensity curves I it) plotted in Figure [3] is such that 
J* dtTif) = \it. 

As the misalignment angle (3 increases toward #e, new 
and longer paths contribute, so the intensity is nearly 
constant over an increasingly long time interval. There- 
after, no new paths come into play and the intensity de- 
cays according to the exponential in L (t) , but displaced 
in time. The onset of this distortion of the pulse is shown 
by the (3 — 1CP 6 curve in Figure the fully developed 
behavior is exhibited for the case (3 = #e- For values of 
(3 rs #e/3, both the magnification and the time delay are 
significant. 



FIG. 3: Normalized neutrino intensity as a function of time 
for lensed supernovae with f3 — 9e (black dashed curve), (3 = 
#e/3 (green dotted), (3 — 10 -6 (magenta short dashes), (3 = 
(blue dot-dashed). The no-lensing case is shown as the 
red solid curve. 



example, exceeds 10 17 cmwe, whereas an average diame- 
ter through the galactic disc integrates a column density 
considerably less than 1 cmwe (2£|. Subtle effects due to 
neutrino lensing by stars (including the Sun) and galactic 
halos have been identified in Ref . [3(j • Here we analyze a 
more dramatic illustration of gravitational lensing: A su- 
pernova at superior conjunction to the black hole at the 
galactic center would be an ideal source for the study of 
gravitational lensing of neutrinos. 

The gravitational binding energy Eb — 3 x 10 53 erg 
of a core-collapse supernova is roughly equipartitioned 
among the six neutrino and antineutrino species. A use- 
ful description of the supernova luminosity in neutrinos 
consists of a nearly instantaneous rise followed by an ex- 
ponential decay [31], |33] that can be represented by 



Lo(t) = ^-exp" 
or 
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The decay time r = 3 s implies an effective pulse length 
of w 10 s, consistent with SN 1987A observations. 

A time spread of neutrinos arriving at Earth from a 
lensed supernova that considerably exceeds the canonical 
10-s pulse length would be a signature of lensing. We 
plot in Figure |21 some examples of the time profiles to be 
expected for a supernova at distance Dos = 16 kpc, for 
some representative values of the misalignment angle (3. 

In the absence of lensing, the intensity of neutrinos 
arriving at Earth as a function of time is an exponen- 
tially decaying pulse proportional to Lo(t). When the 
supernova neutrinos are lensed, neutrinos may arrive by 
different paths, with different travel times. For very small 
misalignment angles, the difference in path lengths is 
very small, and so the resulting intensity profile is in- 
distinguishable from fix the unlensed profile. An exam- 
ple is given in the curve corresponding to (3 = 10~ 7 in 



B. Likelihood of lensing events 

The near-perfect alignment of source, lens, and ob- 
server is a very special circumstance. How frequently 
might a dramatic lensing event occur? 

Let us first assume that supernovae are distributed ac- 
cording to the mass density in the galactic disc |3^| , 



cr(r) = (Toe r / r °, for r <tq 



(14) 



where r is the distance from the galactic center, tq = 
15 kpc is the galactic radius, and the parameter tq = 
3.5 kpc. [It is an excellent approximation for our pur- 
poses to idealize the disc as infinitely thin, so that oir) 
measures the luminous mass density per unit area.] A 
useful measure of the fraction of supernovae that lie along 
a swath at radius r = Dls = xDql is then 
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where Ar = 2R+ i=s 20 km is a typical supernova di- 
ameter. In terms of the dimensionless quantities x and 
x o = r o/Doh = 3.5/8, we find 



fix) = 4.6 x lQ- 16 xe- x/xo 



(16) 



Only a tiny fraction of the supernovae that occur at 
a given radius are aligned closely enough with observer 
and lens — with a detector on Earth and the black hole 
at the center of the galaxy — to be observably lensed. A 
reasonable measure is the ratio 0e/tt, which leads to the 
probability that a galactic supernova at reduced radius 
x be lensed toward Earth of 



P{x) = fix) 
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(17) 



Integrating over all radii, we find that the fraction of 
supernovae lensed toward Earth is approximately 1.8 x 
10~ 6 . 

It has been argued that while the distribution of Type 
IA supernovae closely tracks the luminous matter, the 
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distribution of neutron stars or pulsars is a better tracker 
of the core collapse supernovae that concern us here [34[ • 
Under either assumption, the density has the form 



<r(r) = (TQr p < 
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for r < tq 



(18) 



where (p = 4, ro = 1.25 kpc) for neutron stars and (p = 
2.35, ro = 1.528 kpc) for pulsars. The radius at which the 
density of supernovae is greatest is approximately 5 kpc 
for the neutron-star model and 3.5 kpc for the pulsar 
model. 

If core-collapse supernovae track the neutron-star dis- 
tribution, we compute the fraction of supernovae that lie 
along a swath at radius r — £>ls = xDql as before: 



f{x) = 4.7 x 10 



u x 5 e 



-x/x 



(19) 



where now xq — ro/Doh = 1-25/8. Now the probability 
that a galactic supernova at reduced radius x be lensed 
toward Earth is 



P(x) w 1.4 x 10 



~ 19 x 5 e 



-x/x 
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(20) 



The fraction of galactic supernovae lensed toward 
Earth is 2 x 10~ 6 , quite comparable to the fraction we 
found if the supernovae are assumed to follow the visible 
matter distribution. [The fraction for the pulsar distribu- 
tion is 1.9 x 10 -6 .] We show in Figure 0] the probability 
that a lensed supernova be amplified by a factor fi or 
greater, if the supernovae sites track the distribution of 
neutron stars. Our other two hypotheses yield very sim- 
ilar results. 

The current rate of galactic supernovae that produce 
neutrino bursts is estimated [sEl at one in 47 ± 12 y. 
If the rate of supernova neutrino bursts throughout the 
galaxy is constant over time at the current rate of ap- 
proximately two per century we conclude that on the 
order of 180 lensed supernovae have occurred through- 
out the 4.5-Gy history of the solar system. The time 
between lensing events with amplification factor fi = 10 
is approximately 250 million years, and an event with 
\i = 100 has occurred perhaps once in the history of 
the solar system. The frequency of events with mag- 
nifications /j, > 10 is comparable to the rate of nearby 
supernova explosions [IE EE HE HE Oil • These are con- 
servative estimates, given that the supernova rates are 
not constant over time and were apparently higher when 
the galaxy was young [4l| . 

It is also interesting to ask how many supernovae ex- 
hibit a noticeably increased pulse- length as a consequence 
of gravitational lensing. The fraction of supernovae for 
which the time dispersion lies between 50 s, for which 
/i = 2.99, and the value (148 s, with fi = 1.34) corre- 
sponding to j3 = 9b is 1.3 x 10~ 6 . Over the history of 
the solar system, supernova neutrino pulses longer than 
50 s have arrived at Earth approximately 117 times — 
an average of one every 38.5 million years. Lowering 
the requirement to a time dispersion of 20 s, for which 
fj, = 7.16, increases the fraction to 1.72 x 10~ 6 . This rate 



mni — I I I Mill — I I lllllll — TTTT 



TTTTTT1 — I I 1 1 Mill — I I lllllll — I I ml 




10° 10 1 10 2 10 3 10 4 10 5 10 6 10 7 10 8 
M 

FIG. 4: Probability that lensing of a core-collapse supernova 
by the black hole at the center of the galaxy amplifies the 
neutrino flux at Earth by a factor fi, assuming that the dis- 
tribution of supernovae tracks the population of neutron stars 
in the galactic disc. 



corresponds to 155 stretched supernova neutrino pulses 
over the age of the solar system, roughly one every 29 
million years. 



C. Signatures in Neutrino Observatories 

A few dozen D e from SN1987A were recorded in a num- 
ber of detectors (1MB lil. K amiokande II H3> Bak- 
san 01, and Mont Blanc |45^ via the charged-current 
process D e +p — > e + + n. These observations set the stage 
for the detection of neutrinos from future supernovae. [It 
is less certain |46j that ^-initiated events associated with 
SN1987A have been established. The detection of a sin- 
gle in-time v e e event would test the equivalence principle 
for v e vs. v e to a few parts in a million [47l |48| .] 

The signatures of a core-collapse supernova lensed by 
the black hole at the galactic center are a significant am- 
plification of the neutrino flux at the detector and a dis- 
persion in time of the neutrino burst. The larger each 
of these effects — which are correlated if lensing occurs — 
the smaller is the likelihood that the supernova is simply 
an outlier. Pointing information derived from neutrino 
interactions is crude, but to implicate lensing it would 
suffice to identify the supernova direction along a line 
through the galactic center. 

The yield of neutrinos emitted by a core-collapse su- 
pernova can be anticipated within a factor of two to 
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three |49j • Under that assumption, a measurement of the 
distance to the supernova provides a good estimate of the 
unlensed neutrino flux. For supernovae opposite our loca- 
tion in the galaxy, it is likely that visible light would be so 
attenuated traversing the matter in the galactic disc that 
the precursor star could not be identified. The Chandra 
mission, with its angular resolution of 2.5 ^tva,d, has cat- 
alogued many x-ray point sources toward the galactic 
center |50| . 

By measuring the neutrino flux alone, one could in- 
fer an apparent distance to an unlensed source. With a 
flux greatly magnified by lensing, the apparent distance 
might be implausibly small, placing the supernova on 
this side of the galactic center, where the optical signal 
would have been visible. Lensing would then be strongly 
implicated, even without a precise determination of the 
magnification. 

We summarize in Table [I] some characteristics for su- 
pernova neutrino detection of the available techniques, 
which entail several elements: sensitivity to multiple neu- 
trino flavors (through neutral-current measurements), 
timing, energy resolution, and pointing back to the source 
(through ve elastic scattering |32|). The most interest- 
ing detector capabilities for supernova lensing applica- 
tions are the time resolution and the capability to point 
to the source. All of the techniques listed in Table |U al- 
low for an adequate measurement of arrival time. We 
will focus on water Cherenkov detectors (such as Super- 
Kamiokande |5lJ) and long-string ice/water Cherenkov 
detectors (such as AMANDA because they are op- 

erating and the next-generation version of AMANDA 
(IceCube jH^I) is under construction. 

It is convenient to scale the total number of neutrino 
events in a detector of given effective mass as [54| 

N = N ( E ° UHjggV, (21) 
V3xl0 53 er g> / \ D OS J ' V ' 

where as usual Eb is the gravitational binding energy 
of the collapsing star and Dos is the distance between 
observer and source. Assuming sensitivity to all reac- 
tions, the reference rate is Nq w O(10 4 ) for the Super- 
Kamiokande detector with 32 kton of H2O and a 5-MeV 
threshold. [For the SNO detector [Hj|, which is expected 
to stop running at the end of 2006, N Q « O(10 3 ).] There- 
fore, a supernova with a typical 10-s time profile located 
at the symmetrical configuration (-Dos — 16 kpc) would 
generate approximately 3 900 total events in a Super- 
Kamiokande-like detector — in the absence of lensing ef- 
fects. 

If supernova neutrinos are lensed by the black hole at 
the center of our galaxy, the number of events in a Super- 
Kamiokande class detector could be ten times greater, 
with a time dispersion of 15 s, or five times greater, with 
a time dispersion of 30 s, depending on the value of the 
misalignment angle f3, see Figure |21 The neutrino time 
profile would be greatly distorted from what would be 
reconstructed in the absence of lensing: it would be de- 
layed, highly amplified, and broadened, as can be seen 



from Figure|31 It is worth noting that Super-Kamiokande 
can measure up to 30 000 events within the first second 
of a burst, with no dead time |5l|. 

Among several proposals for future water Cherenkov 
detectors, UNO (the Ultra underground Nucleon decay 
and neutrino Observatory) [sUf. with a fiducial volume 
twenty times Super-Kamiokande's, would record 10 5 neu- 
trino interactions from a supernova located 10 kpc away, 
which means 39 000 events if Dos = 16 kpc. In the pres- 
ence of lensing effects, the number of events recorded in 
UNO could reach an order of magnitude larger, 4 x 10 5 
events with a time dispersion of 15 s, or five times larger, 
2 x 10 5 events dispersed over 30 s. 

Although the energy of supernova neutrinos lies far be- 
low the threshold for track reconstruction in long-string 
Cherenkov detectors, a supernova neutrino burst would 
give rise to a coincident rate increase above ambient noise 
in all photomultipliers in a large array. The shortcoming 
of this technique is that it gives no information about the 
direction to the supernova. 

IceCube, the successor to AMANDA, is under con- 
struction at the South Pole. A supernova 10 kpc away 
would generate 1.5 x 10 6 excess photoelectrons over 10 s 
in IceCube's 4 800 optical modules, to be compared with 
a background noise of 1.44 x 10 7 photoelectrons, for a 
favorable signal-to-noise ratio S/VN « 400 If wc 

rescale to our ideal situation -Dos — 16 kpc, the num- 
ber of excess photoelectons would be 6 x 10 5 , for which 
S/t/N ~ 160. In the presence of lensing, both S and 
S/vN could be considerably enhanced. The standard 
supernova searches in AMANDA/IceCube bin data on 
500 ms-10 s scales because of the typically low signal- 
to-noise ratio. For a lensed supernova with enhanced 
signal-to-noise, the AMANDA supernova detection sys- 
tem, which records data over intervals as short as 10 ms, 
could reconstruct a very precise time spectrum. 



D. Signatures in the Historical Record 

Because the probability of witnessing a lensed super- 
nova is so tiny, it is worthwhile to ask whether it might 
be possible to recognize the effects of a past event, and 
so greatly increase the integration time for observations. 
Two possibilities come to mind: isotopic anomalies and 
doomsday events. Neither seems promising as an unam- 
biguous marker for a supernova lensed toward Earth. 

Supernova neutrinos may induce inverse beta decay 
in nuclei within the Earth. Indeed, the idea of ra- 
diogeochemical studies lool such as the molybdenum- 
technetium experiment |67l 168] is to infer the supernova 
rate in the galaxy by integrating the neutrino flux over 
several millions of years. It exploits a reaction on a nat- 
urally occurring ore target that leads to an isotope with 
a half-life far shorter than the age of Earth, 

v + 98 Mo -> 97 Tc (i 1/2 = 2.6 My) + n + e~ , (22) 
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TABLE I: Neutrino observatory techniques and their capabilities for the detection of supernova neutrinos. 



Detector type: Examples 


Energy resolution 


Pointing 


Flavor tag 


Water Gnerenkov: Super-Kamiokande 1511. UNO 1561 


Yes 


Yes 


v R 


Long-string Cherenkov: AMANDA 1 52 J , IceCube 153], 
Baikal [58], NESTOR [59], ANTARES [60] 


No 


No 


v e 


Scintillator: KamLAND [61], LVD [62] 


Yes 


No 


v e 


Heavy water: SNO [55] 


Yes 
No 


Yes 
No 


v e (CC) 
all (NC) 


High-Z / neutron: OMNIS [6.3], LAND [6j 


Yes 


No 


all 


Liquid Argon: ICANOE [65] 


Yes 


Yes 





for which the 7.28-MeV threshold excludes most solar 
neutrinos. 

Haxton & Johnson [66j have found that the average 
flux of neutrinos from galactic supernovae is reproduced 
by placing all supernovae at 4.6 kpc from Earth. The 
neutrino flux from a lensed supernova at distance 8 kpc • 
(1 + x) is thus 



R 



{l + xf 



4.6 kpc 
8 kpc 



(23) 



times that from a prototypical supernova. The Mo-Tc 
technique integrates neutrino fluxes over several million 
years. Over 1 My, at the current rate of 2 galactic su- 
pernovae per century, the ratio of neutrinos from a single 
lensed supernova to the unlensed galactic background is 



R 



R 



2 x 10 4 



1.65 x 10" 



fj, 



(24) 



Now, for a single, perfectly aligned event, we would find 
using Eqn. (JSJ) a megayear ratio 



R = 3.8 x 10 t 



(l + x) 3 



1.34 x 10 6 , for x = 1. (25) 



A supernova opposite our location in the galaxy would 
stand out dramatically from the unlensed background. 

On the other hand, we have seen that highly magnified 
supernovae are exceedingly rare, with only a single /i > 
100 event having occurred over the lifetime of the solar 
system. A magnification /i > 2 x 10 6 would cause a 3-er 
excess in the megayear integrated neutrino flux. Such an 
event is stupendously improbable, occurring only for one 
galactic supernova in 10 12 . 

Even under such propitious circumstances, the factor- 
of-three uncertainty in the rate of galactic supernovae, 
the existence of backgrounds from z/joiar 97 Mo — > 97 Tc + 
e~, and the possibility that nearby star-forming regions 
might constitute an uncontrolled background 69] , would 
make it challenging to attribute a larger-than-nominal 
97 Tc abundance to a lensing event. A possible discrimi- 
nant might be found in other isotopic abundances [38ll39| 
that might carry the imprint of cosmic rays associated 
with a nearby supernova explosion. 



It is natural to wonder whether a nearby supernova 
might have triggered an extinction episode in the pale- 
ontological record. Ellis & Schramm [33 concluded that 
the 7 fluxes and charged cosmic rays from a supernova 
explosion at 10 pc from Earth — a once in a few hundred 
million years occurrence — would produce a hole in the 
ozone layer that would admit lethal solar radiation, dra- 
matically altering photosynthesis cycles. The ionizing 
radiation that would cause such a cataclysm would not 
reach the solar system in significant amounts if the super- 
nova were located instead at the other side of the galaxy. 

Whether supernova neutrinos would provoke apprecia- 
ble damage to living organisms is a matter of debate. At 
issue is whether nuclei recoiling from neutrino collisions 
would cause irreparable damage to genetic material 01 • 
Our only comment is that if neutrinos from a nearby su- 
pernova did have lethal effects, the neutrino flux from a 
perfectly aligned supernova opposite our location would 
be more damaging still. The huge magnification factor of 
/i w 3 x 10 11 more than compensates the r~ 2 supression, 
making the neutrino flux up to five orders of magnitude 
greater than in the case of a supernova 10 pc from Earth. 



IV. OTHER LENSES AND SOURCES 

Under the rare circumstances of a supernova opposite 
our location in the galaxy, lensing of neutrinos by the 
black hole at the galactic center could produce a prodi- 
gious magnification of the neutrino flux at Earth. It is 
worth considering whether other microlensing effects — 
induced, for example, by multiple gravitational scatter- 
ing on the dark matter in the galaxy — might diffuse the 
supernova neutrinos and so diminish the magnification. 
These effects are negligible for the case at hand. 

The dark matter that could disrupt our conclusions 
about black-hole lensing is essentially contained within 
the extremal neutrino geodesies that we consider. To ob- 
tain a slightly generous estimate, we compute the dark 
matter contained within cones of opening angle 6b, di- 
rected from source and observer toward the gala ctic cen- 
ter. For the halo profiles given in Refs. HlzjiElIzi, 

dark matter contained in the "geodesic cones" is less than 
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one percent of the black-hole mass, an amount that may 
safely be neglected. 

Stars are effective lenses for light, which is observed 
with excellent angular resolution, but are unlikely to pro- 
duce observable effects for neutrinos [3(], Iz3 j even when 
finite-lens effects are taken into account. 

For the lensing of a distant source by a nearby star, 
Dol is relatively small, while x = L\s / -Dol is very large. 
The magnification for small misalignment angle f3 is 



E 



(26) 



where TZ is the Schwarzschild radius of the star and R+ is 
the radius of the source. For the case of a core-collapse 
supernova lensed by aCen, approximately one solar mass 
1.34 pc distant from Earth, /i w 10 6 x. For a supernova 
at a distance of 1 Mpc the magnification would be again 
enormous, /i rs 10 12 . An unlensed supernova at this dis- 
tance for which one detected neutrino event would be ex- 
pected |j4| would result in some 10 12 events if perfectly 
aligned with aCen and Earth. It is thus conceivable that 
lensing could allow for the detection of significant num- 
bers of neutrinos from more distant supernovae. How- 
ever, the Einstein angle for aCen is nearly twenty times 
smaller than that for the black-hole scenario, so the prob- 
ability of perfect alignment is proportionately reduced. 
No extreme magnification events have been observed for 
light. 

Many other potential neutrino sources, including ex- 
tremely distant supernovae, gamma ray bursters, and ac- 
tive galactic nuclei, could in principle be greatly magni- 
fied because x is so large for a distant source and nearby 
lens. The number of such neutrinos reaching Earth from 
extragalactic sources scales as 



D 2 



(27) 



which implies low counting rates in the absence of lensing 
for sources at many megaparsecs. As can be seen from 
Eq. H26fl . the magnification compensates one power of x. 

Only for supermassive lenses might the magnification 
be large enough to overcome the small anticipated flux 
from a very distant source. We know of no nearby candi- 
dates as effective as the black hole at the galactic center. 
Magnification by distant lenses (for which Dol is very 
large) is likely to be modest, because x is small in that 
case. 

To summarize, the distribution of dark matter within 
our galaxy is too sparse to act as a diffusing lens that sig- 



nificantly diminishes the amplification of neutrino flux 
for a supernova lensed by the black hole at the galac- 
tic center. Moreover, the setup of a galactic supernova 
lensed by the galactic center black hole seems the most 
promising configuration for the observation of gravita- 
tional lensing of neutrinos. In most other configurations 
for which the neutrino flux might be highly amplified, 
lensing would also be observed in light, whereas super- 
novae on the other side of the galactic center are only 
visible in neutrinos. 

V. CONCLUSIONS 

Observation of lensed neutrinos emitted by a core- 
collapse supernova would constitute a graphic demon- 
stration of the gravity's influence on neutrinos. Ampli- 
fication of the neutrino flux at Earth by many orders of 
magnitude may occur for near-perfect alignment of su- 
pernova, black hole, and Earth, but such events are ex- 
ceedingly rare. We estimate that a lensing event with 
magnification by two orders of magnitude has occurred 
once in the history of the solar system, and the mean 
time between factor-of-ten events is 250 million years. 

A dispersion of the arrival time of supernova neutrinos 
is a slightly more promising marker for not-quite-perfect 
alignment. A pulse stretched by more than 20 s has oc- 
curred on average once in 29 million years. Neutrino tele- 
scope observers should be alert to the interesting possi- 
bility of distorted profiles in time for neutrino bursts that 
emanate from beyond the galactic center. 

For all of this, the observation of a spectacular lensing 
of supernova neutrinos in real time is highly improbable. 
While "it is a part of probability that many improbable 
things must happen [75j ," we shall have to look elsewhere 
to make quantitative studies of the gravitational interac- 
tions of neutrinos. 
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